The laser-induced line-narrowing effect, discovered more than thirty years ago, can also be applied to recent studies in high resolution spectroscopy based on electromagnetically induced transparency. In this paper we first present a general form of the transmission width of electromagnetically induced transparency in a homogeneously broadened medium. We then analyze a Doppler broadened medium by using a lorentzian function as the atomic velocity distribution. The dependence of the transmission linewidth on the driving field intensity is discussed and compared to the laser-induced line-narrowing effect. This dependence can be characterized by a parameter which can be regarded as "the degree of optical pumping." Over the last decade, considerable attention has been paid to studies of the atomic coherence effects and their applications [1, 2]. The technique of electromagnetically induced transparency (EIT) which makes an opaque medium become transparent by applying an external coherent radiation field [3, 4], yields various applications from the enhancement of nonlinear optical processes [5][6][7], to slow light [8][9][10][11][12][13][14]. In addition to the elimination of absorption, the absorption profile reveals a narrow transmission line, which has been applied to high resolution spectroscopy and high sensitivity magnetometry [15][16][17][18].
Introduction
Over the last decade, considerable attention has been paid to studies of the atomic coherence effects and their applications [1, 2] . The technique of electromagnetically induced transparency (EIT) which makes an opaque medium become transparent by applying an external coherent radiation field [3, 4] , yields various applications from the enhancement of nonlinear optical processes [5] [6] [7] , to slow light [8] [9] [10] [11] [12] [13] [14] . In addition to the elimination of absorption, the absorption profile reveals a narrow transmission line, which has been applied to high resolution spectroscopy and high sensitivity magnetometry [15] [16] [17] [18] .
Since many of these experiments are performed in an atomic cell configuration, the Doppler broadening effect on EIT is an important concern. Recent theoretical investigations of Doppler broadening effects on EIT, however, have been focused mainly on the existence of EIT for certain configurations [19] [20] [21] . The issue of EIT linewidth for a Doppler broadened medium has been lately addressed by Taichenachev and coworkers [22] . As the width of transmission line is directly related to the dispersion near the EIT resonance, it is also a key issue in dispersive measurements. In a three-level Λ-type system if the system is homogeneously broadened, as is well known, EIT can be achieved when the intensity of the driving field (Ω 2 ) is larger than the product of the decay rate of the coherence between the lower levels (γ bc ) and the homogeneous linewidth (γ ). Then, if the system is inhomogeneously broadened (say, with the width W D ), one might guess that EIT can be achieved when Ω 2 is larger than γ bc W D instead of γ bc γ . This is not so. We show that one can still have EIT when Ω 2 γ bc γ , even in the case of inhomogeneous broadening.
For the spectral width of EIT, if the system is homogeneously broadened, the two absorption lines are separated approximately by the Rabi frequency of the driving field Ω when Ω is larger than the homogeneous linewidth γ . When Ω γ , it becomes Ω 2 /γ . Then, if the system is inhomogeneously broadened, it might be inferred that the EIT width goes as Ω when Ω is larger than the inhomogeneous linewidth W D , and becomes Ω 2 /W D as Ω W D . In the literature, however, we find that the narrow feature superimposed on the Doppler broadened profile has been studied more than thirty years ago. The laser-induced linenarrowing effect was discovered by Feld and Javan [23] and the spectral width of the narrow line was shown to be linearly proportional to the driving field Rabi frequency. Various aspects of this effect have been investigated by Hänsch and Toschek [24] . These effects were also called nonlinear interference effects [25] . In a recent article [26] , it has been proposed that this laser-induced line narrowing can be applied to the recent experiments based on EIT, and the spectral line of the EIT resonance can be narrower in a Doppler broadened system than in a homogeneously broadened system. Here we analyze these ideas in detail and demonstrate the power broadening of the linewidth of the EIT resonance in a Doppler broadened system.
Under the condition of Ω W D , there are again two different regimes of the EIT width: In one limit it is proportional to the Rabi frequency of the driving field, which obeys the same expression as the spectral width shown in the study of laser-induced line narrowing [23] . As the driving field gets strong, it becomes power broadened and indeed has a form proportional to the intensity of the driving field (as Ω 2 /W D ). This paper is organized as follows: In Sect. 2 we set up our model scheme of the three-level system, and the transmission width of EIT in a homogeneously broadened medium is Applied Physics B -Lasers and Optics discussed. In Sect. 3 the Doppler averaged susceptibility is obtained by using a lorentzian function for the velocity distribution and the absorption profile, the EIT condition, and the linewidth of EIT are discussed. A comparison of closed and open systems is briefly given in Sect. 4. Section 5 contains an abstract of the present paper.
Homogeneously broadened system
We consider the model scheme depicted in Fig. 1 . The transition a ↔ c is coupled to a coherent driving field and the transition a ↔ b is coupled to a weak probe field. The atom-field interaction hamiltonian can be written
where α is the Rabi frequency of the probe field, Ω is the Rabi frequency of the driving field. In this model we take the decay rate from the level a to b (c) to be γ (γ ). The relaxation between the lower levels is denoted γ bc ; the decay rate of the off-diagonal density matrix element ( bc ) is defined by γ bc . The equations of motion for the density matrix elements in a rotating frame are then given bẏ
Here we assume that the Rabi frequencies are real, the Γ ij are defined by γ ij + i∆ ij , where
and the ∆ ij´s are given by
For a weak probe field, a first-order solution for the offdiagonal density matrix element ab (which governs the absorption of the probe field) can be found in the steady state: ll is the population in level l in the absence of the probe field. The susceptibility is then written as
where η is given by η ≡ (3/8π)Nγλ 3 for the atomic number density N and the wavelength λ. The effect of the probe field intensity on the susceptibility is ignored by using the linear approximation [22] .
2.1
Optical pumping and population distribution
Let us find the population of each level in the absence of the probe field (i.e. the zeroth-order population). Obviously, if the driving field is not turned on, we have aa = 0 and bb = cc = 1/2 from (2). Now as the driving field is turned on, in the steady state, we have from (2c,e)
Let us now assume, for the sake of simplicity, that the decay rate from the level a to c is the same as the decay rate from the level a to b, i.e. γ = γ and the driving field detuning is denoted as ∆ 0 . Then, we have Γ ac = γ ac + i∆ ac = (2γ + γ bc )/2 + i∆ 0 , and 
cc .
By (6,7) we obtain
where
Note that (2d) can be written aṡ
Hence using bb = 1 − aa − cc , we obtain the zeroth-order population
where D ≡ 4γ bc γX + 3γ bc Ω 2 + Ω 2 γ. For γ γ bc , these can be simplified as
